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1.Introduction
Reforming of hydrocarbons is a process widely used in the industry to convert (predominately) natural gas into syngas for further hydrogen production or purification, or as a chemical raw product. Techniques such as steam and dry reforming, shown in Equations 1 and 2, respectively, are applied for methane conversion into hydrogen and carbon monoxide by using a nickel or copper catalyst [1] . 
Catalytic partial oxidation is another reaction path used to produce hydrogen and carbon monoxide -if partial oxidation may occur -as well as carbon dioxide when total oxidation takes place. However, the oxidation of methane occurs by an electrochemical route when it is promoted by O 2-ions supplied by, for example, a solid oxide fuel cell (SOFC). Equations 3 and 4
show the reaction processes of partial and total electrochemical oxidation, respectively [2] . 
Considering the electrochemical oxidation as a viable path when using an electrochemical converter device such as an SOFC, the "natural" production of steam and carbon dioxide indicated in Equations 3 and 4 must be considered as well. Therefore, internal reforming of the hydrocarbon fuel will be facilitated even though the feeding operation is being held under anhydrous conditions and is initially a purely electrochemical process.
Since the products of thermal decomposition of anhydrous ethanol at 750˚C in an SOFC are mainly hydrogen, carbon oxides, and methane, the electrochemical oxidation will also take place by means of the decomposition of these products as shown in Equations 5 and 6 in addition to the Equations for methane oxidation and reforming (Equations 1-4). 
Yet, for ethanol decomposition the eventual production of ethane and ethylene should be considered. The thermal decomposition of ethane and ethylene are events that should be avoided as it leaves carbon adsorbed over the catalyst surface, as shown in Equations 7 and 8.
C 2 H 6 = 3H 2 + 2C
C 2 H 4 = 2H 2 + 2C (8) However, instead of promoting the decomposition of ethane and ethylene, the electrochemical oxidation of these by-products is also feasible as shown in Equations 9 and 10
[3].
Nickel-based anodes have shown to work as state-of-the-art catalyst, for hydrogen and for hydrocarbon fuels. However, these materials are prone to carbon depletion [4, 5] that is a wellknown phenomenon caused by the massive coking, which deactivates the catalyst and clogs the fuel stream. Ceria-based anodes, especially those with copper addition in their composition, have been showing interesting results for the use with hydrocarbon and alcohol fuels directly converted in SOFCs, avoiding coking. Cerium oxide, as a mixed ionic electronic conductor (MIEC), has shown to be a suitable material for the electrocatalytic oxidation of hydrocarbon fuels whereas copper presents the ability of preventing coking over the catalyst surface and increasing electronic conductivity of the anode [3, [6] [7] [8] .
This work addresses the development of a multifunctional ceria-cobalt-copper anode for the use of methane or ethanol as direct fuel in their anhydrous form in an SOFC anode chamber. The main objective is to work within a catalyst capable of performing electrochemical oxidation of hydrocarbons and alcohols via O 2- as seen, for instance, in Equations 9 and 10. Additionally, since the production of steam and carbon oxides are inevitable, these could be used to promote fuel internal reforming and henceforth have the overall electrochemical/chemical efficiency of the process enhanced.
2.Experimental
Firstly, two bimetallic ceria-based electrocatalyst materials were synthesised by the amorphous citrate method. The former composition with a molar proportion of Ce:Co:Cu -2:1:1, and the latter with a proportion 1:2:1. The details of the amorphous citrate synthesis method are described in one of our previous papers [7] .The two different powders were characterised by Xray diffraction (XRD) using a Bruker D8 diffractometer varying 2θ from 10 to 90˚ in steps of 0.02˚ with a CuKα = 0.15418 nm radiation source. XRD analysis was done on the as-synthesised powder and after annealing it at 800˚C during two hours to observe phase crystallisation.
Rietveld refinement was applied to the X-ray raw data using the FullProf Suite software in which the background was described by a linear interpolation of pre-determined points with refinable heights. Post-mortem analysis was carried out to assess carbon deposition on the anode both by
Raman spectroscopy and temperature-programmed oxidation -TPO. Raman spectroscopy was done with a 633 nm wavelength laser in a Renishaw inVia Raman microscope. Samples were scanned from 3200 to 100 cm -1 with an acquisition time of 20 seconds and 1% of the laser total
power. An operated cell was put in a quartz tube reactor under oxidising atmosphere inside a tubular furnace that varied from 150 to 850˚C whilst the outlet oxidised products were analysed by the gas cromatograph, quantifying eventual carbon oxides formed. In addition, SEM/EDX analysis was performed on a sample of an anode that was reduced and aged for 50 hours at 800˚C in a hydrogen-rich atmosphere. EDX images were treated with noise filters such as mean and median and the position of the cations was estimated and displayed in one single merged image using Matlab. Rietveld refinement was performed over the raw data of the crystallised powders and the results are shown in Table 1 . The refinement was done considering PDF-03-065-2975, PDF-00-042-1467 and PDF-04-007-1375 for CeO 2 , Co 3 O 4 and CuO, respectively, as a start for the iteration process. From the PDF cards, CeO 2 has the cubic structure of fluorite with symmetry space group Fm-3m whereas Co 3 O 4 is a cubic spinel from space group Fd-3m and CuO has the monoclinic tenorite structure and space group C 2/c.
3.Results and Discussion

Powder Characterisation
The lattice parameters calculated slightly deviate from the theoretic values taken from PDF cards. However, literature shows that Ce-Cu solid solutions are most likely not to occur [15, 17] .
On the other hand, cobalt has solubility into the ceria lattice [16, 20] , but no solid solution between these metals were found by X-ray analysis in this work. In Figure 2 the results of thermogravimetric analysis for both cerium-rich and cobalt-rich powders are presented. As can be seen inserted in the graphs the first losses for both The results of H 2 -TPR are shown in Figure 3 . Since each powder is composed of a mixture of oxides, the peaks of hydrogen consumption overlap and were, thereby, deconvoluted. The reduction of copper oxide as isolated phase usually takes place between 150 and 500˚C according to Equations 12 and 13 [19] [20] [21] . Cobalt oxide, analogously to copper oxide, reduces in two steps. The first reducing reaction occurs according to Equation 14 around 300˚C for the cobalt oxide whereas total reducing will take place around 500˚C as depicted in Equation 15 [22, 23] . The profile, shown in Figure 3b , demonstrates high activity from 300-330˚C in the first cycle, thereby this can be assigned for cobalt oxide full reduction, since this is a cobalt-rich sample.
However, in the second cycle for the same sample, peaks became broader and the superposing effect could not be well-defined. This is due slight sintering of the metallic particles, especially copper, at high temperatures such as 900˚C. Coarsening of particles reduces available surface area thus making them more resistant to reduction or less active. However, since the temperature profile does not move significantly towards higher temperatures, it is concluded that the catalyst did not suffer higher levels of coarsening after two redox cycles even at critical temperatures such as 900˚C.
Regarding cerium oxide, the reducing process is defined by the peaks at higher temperatures.
The reduction of CeO 2 will occur partially, turning Ce 4+ into Ce 3+ as shown in Equation 16 . The cerium oxide lattice will become oxygen-deficient as reduction takes place, thus enhancing the electrical conductivity of this phase. Moreover, the cerium oxide reduction process occurs also in two well-defined steps. Firstly, the surface-capping oxygen anions attached to the Ce 4+ surface with an octahedral coordination will react with hydrogen at temperatures such as 500 to 650˚C, depending on the particle size distribution. Then finally oxygen from ceria's bulk structure will be released at temperatures above 750˚C [19, 20, 24] . Analysing the reduction profile of the oxide powders it is reasonable to conclude that the anode material can be properly activated at temperatures such as 700-750˚C under hydrogen atmosphere.
H 2 -TPR results have shown the ability of the oxides to absorb hydrogen and be easily reduced into metals that may fully work as catalyst and as electrical percolated contact regarding cobalt and copper, respectively. Although cobalt and copper oxides are most likely to be reduced into metals, ceria will probably be reduced to CeO 2-x thus presenting lack of oxygen which polarises the structure and enhances conductivity. It is also known that depending on ceria's particle size, this oxide may have its oxygen storage capacity (OSC) enhanced due to the oxygen understoichiometry over the surface of ceria [25] . Yet, for both samples, cerium-rich and cobalt-rich, it is notable that cerium oxide reducing temperatures remain unaltered after each cycle. Furthermore, the amount of hydrogen and oxygen absorbed during reducing/oxidation cycles were calculated and are displayed in Table 2 . It can be noticed that cobalt-rich catalyst absorbs more hydrogen, since this composition has more metallic phase available. Additionally, the ratio between H 2 /O 2 consumed at each cycle is close to 2, which is consistent to what it would be expected from Equation 17 . Also, the reduction of cobalt and copper oxides occur at similar ranges for both samples and cycles -approximately from 200 to 350˚C -thus indicating that the ability to undergo reduction does not change drastically between these two catalysts.
Another point worth noting is how the second cycles for both powders becomes very similar, with one sole big difference in peaks at 303 and 315˚C for cerium-rich and cobalt-rich sample,
respectively. This increased area of the peak at 315˚C for the latter, clearly indicates the reduction of cobalt oxides at this point, since the presence of cobalt is higher within this sample. Figure 4 shows the maximum power density and open circuit voltage (OCV) for two cells fabricated (SOFC#1 and #2), and operated on hydrogen, methane and ethanol as fuels. In Figure   4a the tests with hydrogen at 750, 800 and 850˚C have shown power densities of 137, 260 and 411 mW.cm -2 and current densities at 0.7 V were 181, 340 and 518 mA.cm -2 , respectively. These results were reproducible when tested at 700, 750 and 800˚C with a replica (SOFC#2). Figure 4b shows power densities such as 101, 156 and 260 mW.cm -2 with hydrogen as fuel. Moreover, the current densities at 0.7 V for these conditions were 128, 226 and 385, mA.cm -2 , respectively. Table 3 . The spectra of electrochemical impedance can be seen in Figure 5 . After the tests were done, the fitting of the raw data points was performed with Z-View 3.2b software. The element circuit model (ECM) utilised was a resistance R1 in series with two parallel RQ (resistance and constant phase element) R2Q1 and R3Q2. The dataset is represented in all spectra as open symbols whereas the fitting model are continuous line. Figure 5a , shows spectra taken at 750˚C with hydrogen and anhydrous methane as fuels. The structure of both spectra is very similar, with two arcs described by elements R2Q1 and R3Q2. In Figure 5b , both fuel tests are represented for tests performed at 800˚C whereas in Figure 5c are the tests with hydrogen, methane and ethanol at 850˚C. Table 4 summarises the calculated results of Ohmic resistance and total polarisation which are the first and last real axis values crossing the imaginary axis at 0, respectively. It is important to highlight the behaviour of the Ohmic resistance with increasing temperature, as seen in Table 4 , for all fuel condition, which is consistent with a 150 μm-thick electrolyte support. In addition, the results of total polarisation are also in agreement with the slopes from i-V curves, which can be seen in Table 3 . It is notable that the second arc of the Nyquist plots in Figure 5 become bigger as fuel condition is changed, indicating that this arc is probably referred to the anode polarisations effect. However, the first arc remains almost unaltered thereby showing that it can be assigned to cathode effects, since cathodic feeding conditions were kept steady.
Electrochemical performance of cells
Post-mortem characterisation
Raman spectra in Figure 6 show peaks located at 196, 482, 523, 621 and 691 cm can be assigned to the CeF 2g mode due to symmetrical stretching of the O-Ce-O vibrational unit in octahedral coordination [33, 34] . The absence of a fluorite-type structure at 600 cm -1 suggests that solid solutions were less likely formed [32] which corroborates with the previous X-ray discussion. In addition, broadening and shifting of the CeF 2g band indicates that ceria's particle size might have changed [28] . and A 1g (691 cm -1 ) modes [22, 35, 36] . Therefore, this confirms that cobalt oxide is present only in its highest state of oxidation (Co 3 O 4 ) even after the cell being operated. The peaks at 286 and 347 cm -1 of CuO can be assigned to the A g and B g vibrational modes, respectively [37] .
Although peak locations are slightly different from literature (298 and 345 cm -1 [38] ), this can be due to particle size effects.
The most important result is that no carbon was found over the anode surface. Carbon is usually assigned to 1330, 1580 and 2660 cm -1 , referring to G, D and 2D bands, respectively which were not spotted in the Raman spectrum.
The graph in Figure 7 shows the TPO profiles for a sample of 12.55 mg of graphite powder and the anode after being operated with direct methane for over at least 24 hours. The GC coupled to the outlet gas that flowed through each sample could detect the absolute amounts of CO and CO 2 as products of carbon oxidation over a temperature range of 150 to 850˚C.
The graph represents the molar amounts in comparison to the baseline test with carbon black.
The sum of the products of oxidation for each composition was done and compared to the graphite mass previously known. The amounts of carbon oxidised from the anode was estimated as 0.36 mg, and considering the anode average volume (around 1.5×10 -3 cm 3 ) it can be said that the carbon deposit was in the order of 0.23 g per cm 3 of anode, representing roughly less than 5%
wt. of the anode material mass. The results from Raman spectroscopy have shown no carbon over the surface of the anode whereas TPO show negligible carbon formed. Further investigation can be done with long-term experimental to confirm that the amount of built carbon will remain close to the already mentioned results. This will corroborate with the idea that the desired reaction pathways such as electrochemical oxidation and internal reforming were predominant, since any bulky carbon formed was oxidised prior to TPO investigation. However, the results found so far indicate this material as promising for hydrocarbon and alcohol direct utilisation.
The SEM images of the anode/electrolyte interface cross section are shown in Figures 8a and   8b . The microstructure shows reasonable porosity and structural integrity after simulated operation for 50 hours in hydrogen-rich atmosphere. In addition, the sintered microstructure typically shows an interconnected porosity within the cross-section and the tiny particles of the ceramic material seem to be well adhered amongst each other.
The cross-section image gives an idea of layer thickness considering the buffer layer (CeO 2 -ScCeSZr) with a thickness around 6 μm whereas the subsequent anode layers (cerium-rich and cobalt-rich) have a thickness around 9 μm each. The anode structure all together is around 24 μm thereby very thin when compared to the electrolyte support which is around 150 μm. Scanning-electron images together with the EDX merged images show that the cobalt content through the microstructure increases towards the surface of the anode which was desired when the multifunctional anode was previously designed as shown in Figure 8c .
The proposed reactional mechanism for this anode configuration is shown in Figure 8d . The cerium-rich material, with additions of cobalt and copper near the electrolyte is supposed to promote electrochemical reactions such as those depicted in Equations 3 and 4, whilst cobalt-rich material plays a catalytic role by facilitating internal reforming aided by steam and carbon dioxide inevitably produced by the previous reactions.
Furthermore, the importance of copper on preventing coking is indicated in many works in the literature [39, 40] and it is once more confirmed at the present work. However, the main differences between, Lee et al [39, 40] and the present work is the utilisation of a Ni-free anode, with the insertion ceria-based buffer layer, that aims to enhance adhesion between anode and electrolyte. Electrochemical results have great potential to be enhanced, once electrolyte's thickness is reduced.
Eventually, the migration to anode-supported cell, will increase even more cells performance.
The focus of this work so far, was to develop a cell morphology with a ceria-based structure and metal additions that can aid electrochemical oxidation of anhydrous carbonaceous fuels and eventually use the by-products (steam and carbon dioxides) to perform internal reforming as an ideal SOFC.
Conclusions
The cerium-cobalt-copper material prepared has shown the ability of operating as SOFC anode with both pure methane and ethanol. In addition, manufacturing procedures and material synthesis have also shown to be reproducible as different cells were tested in different test rig conditions with very similar results.
The electrochemical performance showed a suitable behaviour with hydrogen as fuel considering a typical benchmark of around 400 mA.cm -2 at a potential of 0.7 V. The cells have also shown to be promising for methane or ethanol as fuels. H 2 -TPR/O 2 pulse analysis has elucidated how the phases evolution occur at redox conditions and the reactants absorption estimation has confirmed that the reducibility and catalytic activity are kept after samples recycling.
Post-mortem characterisation showed essentially, negligible remaining carbon both by Raman spectroscopy and TPO. Finally, SEM/EDX showed that the microstructure presented enough porosity after ageing and phases were well distributed over the anode cross section.
